Md., were grown at a density of about 105 cells/cm2 and cultured as monolayers in Dulbecco's modified Eagle's medium supplemented with fetal calf serum (10% [vol/vol] ), glutamine (2 mM), nonessential amino acids (1%), penicillin (100 IU), and streptomycin (100 j,g/ml) under an atmosphere of 5% CO2 in air saturated with water vapor at 37°C. The medium was replaced by fresh medium every 2 days.
Light and Electron Microscopy
For counting the number of nuclei as well as for determination of lectin binding sites, we used an inverted microscope (IM 35, Zeiss, Oberkochen, FRG) equipped with epifluorescence illumination. Staining of the nuclei was performed on permeabilized and fixed H9c2 cells for 30 minutes in 0.5 mmol/ml 4,6-diamidino-2-phenylindole dihydrochloride (DAPI).4 To characterize the sugar residues in the surface coat, H9c2 cells were incubated with various lectins (50 gtg/ml for 30 minutes at 37°C) that were coupled to rhodamine isothiocyanate (Medac, Hamburg, FRG).
For electron microscopy, H9c2 cells were fixed with 2.5% (wt/vol) glutaraldehyde in 100 mM Na+ cacodylate buffer or 0.14 M PIPES for 1 hour at room temperature (pH 7.2), postfixed in 1% (wt/vol) OS04 in 100 mM Na+ cacodylate, dehydrated in a graded series of ethanol, and embedded in Spurr's lowviscosity epoxy resin (ERL-4206, Serva, Heidelberg, FRG). Ultrathin sections (70-100 nm) were cut on an LKB Ultrotome (LKB, Uppsala, Sweden) and stained with 1% (wt/vol) uranyl acetate in 70% (vol/vol) ethanol for 30 minutes at room temperature. The sections were examined using a Siemens 101A electron microscope at 60 or 80 kV. Electrophysiology For electrophysiological examinations, H9c2 cells were cultured for 2-6 weeks on small glass slides (4x5 mm), until they reached a density of about 103 cells/mm2. The Figure 2A ).
For characterization of the sugar residues of the cell surface, lectins were tested for their ability to bind to the cells (Table 1) . Since both Limaxflavus agglutinin Ulex europaeus agglutinin-I failed to bind to the cells ( Figure 1E ). In addition to the homogeneous binding to the cell surface, a spotted fluorescence was obtained in the case of succinylated wheat germ agglutinin and Ricinus communis agglutinin-1 ( Figure 1B ).
In general, the spherical cells exhibited a brighter fluorescence than the polygonal ones, possibly because of differences in geometry.
Electron Microscopy Studies
At low magnification, isolated H9c2 cells of polygonal type appeared in the cross section widely spread with numerous protrusions (Figure 2A ). Cells grown in a confluent layer overlapped in their peripheral parts ( Figure 2D ) and formed two types of junctions: 1) the membranes of neighboring cells were indented and ran in parallel at a distance of less than 40 nm (not shown); and 2) the membranes were attached to each other (around 14 nm distance), forming spot desmosome-like contacts. Gap junctions were not observed (280 studied sections). The most prominent cell organelles were spherical or lobed nuclei ( Figure  2A ). In all cell types except the spherical ones, the cytoplasm was interlaced by a network of stress fibers16 ( Figure 2B ) attached to the cell membrane. Another element of the cytoskeleton was microtubules, which were sometimes arranged as a dense network ( Figure 2F ). The cells were rich in mitochondria and rough endoplasmic reticulum. Both were often parallel to each other ( Figure 2G ). Golgi cisternae were regularly found near the cell nucleus. The surface membrane was often enlarged by microvilli ( Figure 2C ). On the extracellular side, the cell membrane was partially covered by a surface coat ( Figure 2H ). Caveolae were absent. inactivation curve was determined by clamping the cells from various prepotentials to the test potential of 0 mV. The inward currents measured during the test pulse were normalized to the maximum current and plotted versus the holding potential ( Figure 3D, triangles) . Original recordings for current tracings are shown in Figure 3C . The average inactivation curve measured from 18 cells showed a half-maximal value at -21.3 mV and a steepness of 7.2. From the data shown in panel B, the average activation curve of the inward current was evaluated and normalized in the same way as the inactivation curve ( Figure 3D, triangles) . It reached 50% at -3.6 mV and had a steepness of 6.9. Effects of Ca21 Channel Blockers and f3Adrenergic Agonists
The inward current of H9c2 cells was further characterized using pharmacological tools (mean+SD of the Ba21 current densities are summarized in Table 2 ). In the experimental results shown in Figure Table 2 ).
The L-type Ca24 current of cardiac cells is augmented by ,B-adrenergic agonists via cAMP-dependent phosphorylation (for review see Reference 25) . To test whether the current through Ca24 channels in H9c2 cells is also sensitive to ,3-adrenergic stimulation, cells were superfused with 0.1 ,uM isoproterenol ( Figure 5,  left panel) . Isoproterenol caused about a twofold increment of the inward current within 2 seconds. The effect was fully reversible after washing out the agonist. In two of 27 cells, a reversible inhibition of the Ba24 inward currents was observed. The reason for this inhibitory effect is unknown.
To elucidate whether cAMP is involved in the ,-adrenergic stimulation of the Ba24 current in H9c2 cells, the adenylyl cyclase stimulator forskolin26,27 (1 ,uM) was applied from the outside ( Figure 5 , right panel). The observed increment was comparable to that caused by isoproterenol. An increment of the inward currents was also observed when cAMP (0.1 mM) was intracellularly infused via the patch pipette (see Table 2 ). At the applied concentrations, the effects of isoproterenol, forskolin, and cAMP were not additive. 1, 4-Dihydropyridine Binding Sites Among radiolabeled 1,4-dihydropyridines, which are commonly used to determine specific binding to the a1-subunit of voltage-dependent Ca24 channels, [3H]-(+)PN 200-110 is known as a radioligand with high affinity for the dihydropyridine-sensitive Ca2+ channels, especially in heart (Kd.l nM) and brain and with lower affinity in skeletal muscle. For identification of pertussis toxin substrates, the two preparations were probed with antisera generated against synthetic peptides that were derived from sequences of cDNAs encoding G protein a-subunits ( Figure 7) . Since modification of G protein a-subunits by bacterial toxins changes their mobility in ureacontaining sodium dodecyl sulfate gels,14 the relative molecular masses of [32P]ADP-ribosylated G protein a-subunits (see Figure 8 ) differ from those of the unmodified a-subunits detected by the various antibodies (see Figure 7) . The acoon peptide antiserum, which reacts with a-subunits of Gi, GO, and Gs, recognized 40 a% peptide antiserum, which specifically reacts with the 40-kd G2 a-subunit, detected a 40-kd protein in either preparation. The a0 peptide antiserum, which specifically reacts with the two forms of the Go a-subunit, failed to detect proteins in the H9c2 membranes but clearly detected proteins of 39 and 40 kd in brain cholate extract.
Discussion
In the present study we show that H9c2 cells lack morphological properties of freshly prepared cardiocytes. The cells did not express gap junctions, caveolae, T tubules, or myofibrils with organized sarcomeres, but were rich in rough endoplasmic reticulum, and the cell surface was often enlarged by microvilli. H9c2 cells did not form confluent, multinuclear cells (myotubes) as were observed regularly by Kimes and Brandt.3 Since the cell density was high enough to allow formation of myotubes, the difference between our cells and those of Kimes and Brandt3 may point to a dedifferentiation of this cell line caused by increased passage number. Whether the dedifferen- To classify H9c2 cells by morphological criteria, they have to be compared with other types of cultured heart cells. According to the literature, cardiocytes of the adult, neonatal, or embryonic heart undergo various changes when cultured for longer periods of time (see, e.g., References 34 and 35). Soon after the isolation procedure heart cells transform from rod-shaped to rounded cells with disorganized ultrastructural features, that is, sarcomeric arrangement is lost, former Z lines appear as focal densities, and mitochondria have compact cristae and are often found in the numerous blebs at the surface. In addition, microvilli are found on the surface of these cells. After the fifth day in culture, nontransformed cells start to reorganize ultrastructure; the cells spread out and build up new myofibrils with complete sarcomeres. This is accompanied by formation of new intercalated disks and T tubules. During this phase of redifferentiation, embryonic cultured cardiocytes36,37 build up stress fibers that are progressively replaced by myofibrils. In our study, H9c2 cells did not develop myofibrils but only stress fibers. Thus, the only cultured cells of mammalian heart comparable to H9c2 cells are immature embryonic cardiocytes with stress fibers. It may be concluded that H9c2 cells have lost nearly all morphological characteristics of cultured cardiocytes and have dedifferentiated to a high degree.
In contrast to these discrepancies between H9c2 and freshly prepared cardiocytes, the composition of the surface coat is greatly preserved. The lectins soybean agglutinin and Dolichos biflorus agglutinin, known to preferentially bind to the cell poles of adult Reference 47) . In line with this observation we found no hormone or neurotransmitter (e.g., acetylcholine, epinephrine, somatostatin) that significantly reduced the amplitude of the Ca2+ channel current in H9c2 cells. The data are consistent with the finding that adult cardiac myocytes from rat do not (or at very low levels) express G0. 46, 48 In conclusion, the present study demonstrates that H9c2 cells show morphological characteristics similar to those of immature embryonic cardiocytes but have preserved several elements of the electrical and hormonal signal pathway found in adult cardiac cells. Therefore, this cell line may be useful as a model for cardiocytes in aspects of transmembrane signal transduction.
